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Achieving quantum-level control over electromagnetic waves, magnetisation dynamics, vibrations and heat
is invaluable for many practical application and possible by exploiting the strong radiation-matter coupling.
Most of the modern strong microwave photon-magnon coupling developments rely on the integration of
metal-based microwave resonators with a magnetic material. However, it has recently been realised that
all-dielectric resonators made of or containing magneto-insulating materials can operate as a standalone
strongly-coupled system characterised by low dissipation losses and strong local microwave field enhancement.
Here, after a brief overview of recent developments in the field, I discuss examples of such dielectric resonant
systems and demonstrate their ability to operate as multiresonant antennas for light, microwaves, magnons,
sound, vibrations and heat. This multiphysics behaviour opens up novel opportunities for the realisation of
multiresonant coupling such as, for example, photon-magnon-phonon coupling. I also propose several novel
systems in which strong photon-magnon coupling in dielectric antennas and similar structures is expected
to extend the capability of existing devices or may provide an entirely new functionality. Examples of such
systems include novel magnetofluidic devices, high-power microwave power generators, and hybrid devices
exploiting the unique properties of electrical solitons.
I. INTRODUCTION
Novel technologies enabling controllable and efficient
interactions of electromagnetic radiation with matter are
central to achieving the ambitious goal of quantum in-
formation processing1,2 with light, microwaves, magneti-
sation dynamics, vibrations and heat3–9. These tech-
nologies also advance our capability to develop novel
biomedical imaging modalities10, frequency-tuneable
metamaterials11,12, and radars13,14.
A practicable physical system enabling strong
radiation-matter interactions has to be able to exchange
information with preserved coherence. Such a system has
to operate in a strong coupling regime, where the cou-
pling strength between two or more subsystems is larger
than the mean energy loss in both of them15–17.
A natural way to increase the coupling strength and de-
crease energy losses is to employ a resonant system3. For
example, in photonics, strong coupling has been achieved
by forcing electric dipoles of semiconductor quantum dots
or nitrogen-vacancy centres in diamonds to interact with
optical fields of photonic resonators3. Strong coupling
has also been demonstrated with magnetic dipoles18, for
example, by using a microwave resonator loaded with
a magnetic material. Here, the interaction of magnons
– collective oscillations in the alignment of spins in the
magnetic material – with microwave resonator photons
results in strongly hybridised magnon-resonator states
also called magnon-polaritons3,19.
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FIG. 1. Conceptual illustration of a multiresonant dielectric
antenna that mediates the coupling between different enti-
ties such as magnons, electricity, microwaves and light, sound
and vibrations, and heat. In this role, the same dielectric an-
tenna supports electromagnetic (microwave and optical fre-
quencies), ferromagnetic and acoustic resonances, as well as
can be controlled by electrical currents (e.g. via conductive
electrical contacts) and electrical fields. Although an yttrium
iron garnet (YIG) sphere is pictured because of its obvious
role as a resonant dielectric antenna (Sec. III B), other dielec-
tric structures are also conceivable as discussed in the main
text.
2Very often, strong microwave photon-magnon coupling
can be achieved with microwave resonators such as a
metal box20,21, in which microwaves are reflected and
trapped between the metal walls. Such resonators have
high quality factors and are relatively simple to construct
and theoretically analyse, which makes them indispens-
able for microwave devices22.
However, the walls of a box resonator are a signifi-
cant obstacle for light, sound, vibrations and heat. Al-
though innovative techniques enabling the coupling of
light, sound and heat to the magnetic material located in-
side a metal resonator have been demonstrated23,24, the
search remains open for alternative resonant structures.
In this perspective, I present an emergent approach
that utilises all-dielectric resonant structures, also gen-
erally called dielectric antennas25,26, to control strongly
hybridised magnon-polaritons with electrical currents,
light, sound, vibrations and heat (Fig. 1). In this ap-
proach, a dielectric antenna simultaneously operates as a
resonator for magnons, microwaves, light, sound and vi-
brations, as well as it can be controlled with heat, electric
fields and currents. This represents a shift in the existing
design of strongly-coupled systems and ushers new classes
of devices based on a multiresonant strong coupling be-
tween, for example, photons, magnons and phonons23,24.
Throughout the paper, I discuss the recent developments
in this very active field, suggest future research directions
and propose several novel systems in which the applica-
tion of dielectric antennas and similar structures is likely
to extend the capability of existing devices or provide an
entirely new functionality.
II. STRONG COUPLING WITH MICROWAVE METAL
RESONATORS
From its very birth, the field of strong microwave
photon-magnon coupling has relied on metal resonators
loaded with a magnetic material. Therefore, in this sec-
tion I briefly overview the recent progress achieved with
metal resonator structures.
The interaction of a single spin with a microwave pho-
ton is intrinsically weak3. However, collective enhance-
ment, which scales as the square root of the total number
of spins, results in a considerable increase in the coupling
strength18. The spin systems with the largest volumet-
ric density of spins are ferro/ferrimagnets, such as yt-
trium iron garnet (YIG)28. In contrast to paramagnetic
spins3, in ferrimagnetic materials, exchange and dipole-
dipole interactions between the spins result in a collective
motion of spins, which leads to the ferromagnetic reso-
nance (FMR)29,30. In this picture, magnons represent
the quanta of the FMR and their frequency depends on
the static magnetic field applied to the ferrimagnetic ma-
terial.
The collective behaviour of spins, their large density,
and extremely small magnetic losses in ferrimagnets28
result in a strong response of these materials to an ex-
FIG. 2. (a) Left: Microwave magnetic field distribution in a
microwave metal resonator tuned on the TE101 mode. Im-
age showing one half of the microwave resonator with an
YIG sphere inside, which is located in the area where the
microwave magnetic field amplitude reaches its maximum.
Right: Measured anti-crossing of the microwave photon mode
and the FMR mode of the YIG sphere as a function of the
applied magnetic field, which indicates a strong microwave
photon-magnon coupling. (b) Microwave split-ring resonator
(SRR) printed on top of a coplanar microwave line. The SRR
is to be loaded with an YIG film to achieve strong microwave
photon-magnon coupling. (c) Four post re-entrant metal res-
onator loaded with an YIG film. (d) Commercial YIG-sphere
resonators (courtesy of Ferrite Domen Co.) Spheres with
the diameter from 0.25 mm to 5 mm are available. YIG
spheres are produced by slowly shaping YIG cubes into a
YIG sphere. (e) Schematic of an YIG-sphere resonator cou-
pled to a microstrip circuit. Reproduced with permission from
Refs. 12, 21, and 27. The image in (e) is from Wikimedia
Commons.
ternal microwave field. As a result, even small volumes
of a bulk ferromagnetic material allow achieving high-
cooperativity quantum electrodynamics (QED) in hybrid
resonant systems5,20,21,31–43. Very often, this is achieved
by using a microwave metal resonator loaded with a
single-crystal YIG sphere5,20,21,32,44,45 [Fig. 2(a), left].
YIG spheres can also be excited with microwave stripline
resonators38–40 and coaxial cable resonators33,35.
A strong anti-crossing of the microwave resonator
3mode and the FMR mode of the YIG sphere as a function
of the applied magnetic field indicates a strong coupling
between the microwave photon and the magnon modes
[Fig. 2(a), right]. This effect can be observed at room
temperatures. A rectangular YIG crystal was also used
to demonstrate the same result46,47. However, whereas
with YIG spheres one avoids the effects of an inhomo-
geneous demagnetisation field, such effects are present
in rectangular resonators, which leads to the unwanted
coupling of many magnetostatic modes to the resonator
modes.
Unfortunately, the YIG-sphere technology is essen-
tially 3D and hence it may be incompatible with planar
platforms. Therefore, a microwave stripline resonator or
a split-ring resonator [Fig. 2(b)] loaded with an YIG film
have been proposed3,12,31,37,39,48. YIG films have also
been employed inside metal microwave resonators27,49–51
[Fig. 2(c)], where they may have additional technological
advantages over YIG spheres27.
III. STRONG COUPLING WITH DIELECTRIC
ANTENNAS
A. Dielectric microwave antennas
In many practical applications, dielectric microwave
resonators are a viable alternative to metal ones be-
cause of lower losses at high microwave frequencies52.
For example, dielectric resonators are well-known in
the areas of electron spin resonance53, ferromagnetic
resonance54,55, magnetically-tuneable metamaterials56,57
and similar structures43,58,59. (However, in the cited
papers, strong coupling was not achieved as discussed
elsewhere60,61.)
Another advantage of the dielectric resonators over
the metal ones, which also becomes more pronounced at
high microwave frequencies, is the absence of eddy cur-
rents induced by microwave magnetic fields in the metal
parts62–64. For example, the eddy-current shielding of
microwave magnetic fields have been predicted63 to have
an adverse effect on the operation of YIG-platinum bi-
layer structures, which have recently been proposed to
detect and control magnon-polaritons with electrical cur-
rents and heat39,49. Therefore, the use of dielectric res-
onators in systems with strong coupling would be advan-
tageous.
In the field of radio-frequency antennas, dielectric res-
onator structures are also known as dielectric microwave
antennas26. Similar to microwave dielectric resonators,
an advantage of dielectric antennas over conventional
metal antennas is that they do not have metal parts that
often dissipate energy at high microwave frequencies26.
Dielectric antennas made of a high dielectric permittivity
(ǫ) materials may also be more compact than metal an-
tennas, because the size of the dielectric antennas scales
as λ0/
√
ǫ being λ0 the free-space wavelength of the inci-
dent wave.
B. YIG spheres as microwave dielectric antennas
A dielectric antenna may consist of a single sphere
made of a material with a large ǫ25,65,66. Several dielec-
tric spheres of different radii may be combined to build
a more complex antenna such as, for example, a direc-
tive Yagi-Uda antenna67. Here, spheres made of low-loss
ceramics with ǫ = 16 at 9− 12 GHz may be employed67.
Significantly, YIG spheres [Fig. 2(d, e)] can operate
as an independent microwave resonator antenna because
at microwave frequencies ǫYIG ≈ 1528. Therefore, by
using a single YIG sphere, one may achieve the strong
photon-magnon coupling without an external resonator
by confining the photon and magnon modes in the volume
of the sphere45,61. In this case, the diameter of the YIG
sphere antenna should be so chosen that a microwaveMie
resonances inside the sphere is excited61.
Not only single-sphere YIG antennas may be used
to achieve strong coupling. For example, intriguing ef-
fects such as long-range strong coupling of magnons in
spatially separated YIG spheres has been observed35,41.
Thus far, this interaction has been mediated by a mi-
crowave resonator. However, one may employ YIG
spheres without an external resonator by tuning the
spheres to operate as a dielectric antenna25.
In dielectric YIG antennas, the frequency of the mode
anti-crossing due to the strong coupling may be increased
by decreasing the sphere radius. However, due to a rel-
atively low saturation magnetisation of YIG, this would
also require larger static magnetic fields. Lower oper-
ating fields will be attainable by using spinel or hex-
aferrite materials68 instead of YIG. Such materials are
characterised by a large saturation magnetisation of ∼
3000− 5000 G, low magnetic losses comparable to those
of YIG, and ǫ ≈ 12.
C. YIG dielectric antennas and microwave magnetic field
enhancement
In systems enabling a strong light-matter coupling
through electric near-field enhancement using electric
dipoles, the medium hosting the dipoles (e.g. a quan-
tum dot or a nanodiamond containing nitrogen-vacancy
centres) has to be located in the area where the electric
field in the resonator reaches its maximum71,72. When
magnetic dipoles are exploited18, the magnetic medium
has also to be placed in the area where the magnetic
field reaches its maximum [Fig. 2(a), left]. In both cases,
the collocation with the respective field maxima allows
increasing the coupling strength25.
Consequently, in systems exploiting quantum dots
and nitrogen-vacancy centres, a local increase in the
electric field intensity was achieved by judiciously
engineering nanophotonic resonators71,72 and optical
nanoantennas25. By analogy, a local magnetic field en-
hancement would be favourable for a stronger hybridis-
ation of microwave photons and magnons. However, in
4FIG. 3. (a) Schematic of the dielectric antenna proposed
by G. Boudarham et al.69 to enhance the microwave mag-
netic field in the gap between the two dielectric cubes. (b)
Schematic of the waveguide antenna proposed to enhance the
in the gap between the two dielectric bars70. (c) Experimental
(full lines) and theoretical (dashed lines) normalised magnetic
field intensities in the gap of the antenna for the gap width
of 5 mm and 2 mm. The magnetic field component of the ex-
citation wave is polarised along the x -axis. Reproduced with
permission from Ref. 69. (d) Magnetic field enhancement in
the waveguide antenna simulated using an FDTD method63.
Straight white lines denote the contours of the waveguide
cross-section. (e, f) The anti-crossing effect (simulation) in
the waveguide antenna consisting of two finite-length dielec-
tric bars separated by an YIG film. The red dashed curves
denote the best fit with a model of two coupled resonators.
both visible and microwave spectral ranges, it is more
challenging to enhance the magnetic field than the elec-
tric one25,56,57,66,73.
To achieve a strong microwave magnetic field enhance-
ment, G. Boudarham et al.69 demonstrated a dielectric
gap antenna that consists of two dielectric cubes sep-
arated by a small, sub-wavelength air gap [Fig. 3(a)].
Measurements were conducted in the GHz spectral range
where ǫ of the cubes is 16 + i0.25. A strong, ∼ 140-
fold magnetic field intensity enhancement [Fig. 3(c)]
was demonstrated in the gap between the cubes, and
a stronger enhancement was observed for smaller gap
widths.
A similar antenna structure consisting of square cross-
section bars made of a high dielectric permittivity mate-
rial separated by an air gap [Fig. 3(b)] was proposed by
our research group70. Being inspired by the dielectric slot
waveguides that provide a local electric field enhance-
ment in a broad spectral range74, the proposed waveg-
uide antenna produces a strong magnetic field enhance-
ment within the gap [Fig. 3(d)]. However, in contrast to
the gap antenna consisting of the two cubes [Fig. 3(a)],
the enhancement effect in the waveguide antenna may be
broadband provided that the length of the bars is large70.
The theoretically predicted magnetic field intensity en-
hancement in the gap between the two infinitely-long bars
is ∼ 130 [Fig. 3(d)], which is close to the enhancement
in Fig. 3(c). When the length of the bars is finite, the
structure operates similar to the antenna consisting of
the two cubes, but it also supports higher-order modes
at high microwave frequencies.
An YIG film can be placed in the gap of the waveguide
antenna to achieve a strong hybridisation of magnons
with microwave resonance modes60. In this case, the
thickness of the gap is equal to the film thickness (e.g.
50 µm). This deep subwavelength, with respect to mi-
crowave wavelengths, feature enables a strong, ∼ 350-
fold magnetic field intensity enhancement inside the YIG
film60. Together with a strong spatial overlap between
the photon and magnon modes, this enhancement greatly
facilitates the anti-crossing between the microwave pho-
ton and FMR magnon modes [Figs. 3(e, f)].
The gray-scale frequency-applied external magnetic
field H maps in Figs. 3(e, f) allow extracting the cou-
pling strength ∆ (measured in frequency units) by us-
ing an abstract model of two coupled resonances5. From
the best fits [the dashed curves in Figs. 3(e, f)], for the
50 µm-thick YIG film placed in the antenna gap one ob-
tains ∆ = 500 MHz or ∆/f01 = 4.5%, where f
0
1 is the
resonance frequency of the electromagnetic fundamen-
tal mode of the whole dielectric-YIG-dielectric structure
at H = 0, which is a signature of the strong coupling
regime17. For the 500 µm-thick YIG film, ∆ = 1500 MHz
or ∆/f01 = 13.5%, which indicates that the the cou-
pling strength becomes comparable to the resonance fre-
quency of the dielectric antenna and the coupling regimes
is ultrastrong17. Also note minor anti-crossing effects at
the higher frequencies (∼ 16 GHz and ∼ 18 GHz) corre-
sponding to the higher-order electromagnetic resonance
modes of the dielectric antenna structure.
To conclude this section, it is worth noting that the
quality factor of dielectric antennas may be not high
enough for certain applications. An increase can be
achieved by exploiting whispering gallery modes of di-
electric spheres and discs or by using novel resonance
regimes75.
IV. MULTIRESONANT DIELECTRIC ANTENNAS
This section discusses the concept of a multiresonant
dielectric antenna that mediates the coupling between
different entities (Fig. 1): microwaves, magnons, light,
5electricity (used as a general term defining electrical
techniques76,77), sound, vibrations, and heat. This sec-
tion also describes the emergent applications of such an-
tennas.
A. Light
YIG, magneto-insulating bismuth iron garnet (BIG)
and other ferrite materials68 are mostly transparent to
infrared and visible light78–80. Therefore, the interac-
tion of light with magnons inside the same dielectric an-
tenna volume has enabled the development of hybrid de-
vices such as microwave spectrum analysers, optical fre-
quency shifters, tunable optical filters, and optical beam
deflectors78.
Significantly, this also enables intriguing interactions
of optical, microwave and magnon modes inside the same
dielectric antenna, which allows improving the efficiency
of the microwave-to-optical photon conversion for quan-
tum information24,81–83 and optomagnonics23,84–86 appli-
cations.
In many experimental scenarios, where an YIG sphere
is used together with a metal microwave cavity to achieve
a strong photon-magnon hybridisation [Fig. 2(a)], spe-
cial measures have to be taken to modify the walls of the
metal cavity to couple light to the YIG sphere24. Alter-
natively, a specially designed microwave antenna has to
be used to simplify the access of light23. These obstacles
are lifted when the YIG sphere operates as an indepen-
dent resonant structure23,83,84.
A novel solution to the problem of the magnon-to-light
conversion using travelling magnons in the form of mag-
netostatic spin waves in YIG films30 has recently been
proposed87. Because of their strong resonance interac-
tion with the matter, travelling magnons propagate much
slower than a normal electromagnetic wave, which can be
utilises to achieve a considerable magneto-optical modu-
lation based on the Faraday effect79. Furthermore, such a
microwave-to-optical photon converter is an intrinsically
planar device that, unlike YIG spheres, is a promising
candidate for applications in integrated optomagnonic
chips. The gap dielectric antenna (Fig. 3) could be an-
other candidate for this application, and it would also
enable a local enhancement of both the microwave mag-
netic field70 and the optical field74.
The optical field enhancement will also be impor-
tant when the magnon modes are excited directly with
light88,89. In this case, the ultrafast optical field excites
the spins in the magneto-insulating material via the in-
verse Faraday effect79. The excited spins start to precess
along the total magnetic field with a resonance at typical
GHz-range FMR mode frequencies.
B. Electrical methods and heat
Several research groups have demonstrated electrical
methods to detect magnons coupled with microwave pho-
tons by placing a hybrid YIG-platinum (Pt) bilayer into
a microwave cavity90–92. New features not observed
in any previous spin-pumping experiment but predicted
theoretically49 were revealed in those works.
V. Castel et al.39 demonstrated thermal control of the
magnon-photon coupling at room temperature in a res-
onant notch filter loaded with a hybrid YIG-Pt system.
The thermal control of the photon-magnon hybridisation
at the resonant condition has been realised by current-
induced Joule heating in the Pt film that results in a
temperature gradient. Although this planar configura-
tion has a low quality factor, it allows avoiding the ad-
verse impact of the YIG-Pt stack: in a high-quality-factor
resonator the insertion of a hybrid stack including a good
electrical conductor (Pt) results in significant losses49.
Despite this improvement, the high conductivity of
the Pt layer may continue to adversely affect the mag-
netisation dynamics in the YIG layer due to the eddy
current shielding effect63. This effect can be mitigated
by introducing 2D micro- and nano-patterning of the Pt
layer12,93.
The nanopatterning of the conductive layer opens up
an additional opportunity for the control of the strong
coupling with Joule heat. Metal nanostructures are
known to support plasmon resonances – collective oscilla-
tions of the electron charge around metal nanoparticles in
resonance with the frequency of the incident light25. All
metals, including gold and silver that are the key con-
stitutive material for modern plasmonics, considerably
absorb light and convert its energy into heat. Platinum
is often considered to be a poor plasmonic materials due
to its high absorption of light25. However, this property
turns to be useful for the control of the photon-magnon
coupling with heat. The heat produced by light in the
nanopatterned Pt layer is estimated to be comparable
with that produced in nickel nanostructures (similar to
Pt nickel is another poor plasmonic material94), in which
temperatures ∼ 350 oC were observed95.
Another electrical method that may be used to con-
trol the photon-magnon coupling consists in exploiting
the dual electric and magnetic tunability of the physical
properties of multiferroic materials58,59. A system re-
alising this control mechanism may consists of a ferrite
film hybridised with a ferroelectric film. There, a spin-
electromagnetic wave is formed as a result of hybridisa-
tion of the spin wave in the ferrite film with the incident
electromagnetic wave. This hybridisation is electrically
and magnetically tuneable58.
C. Sound and vibrations
Magnetostriction is a property of ferro- and ferri-
magnetic materials to change their shape and dimen-
6sions during the magnetisation process caused by the
applied magnetic field. The magnetostrictive force pro-
vides an alternative mechanism to control the photon-
magnon coupling. For example, in YIG structures such
as spheres, the varying magnetisation induced inside
the sphere causes deformations of its spherical geometry
(and vice versa), thereby affecting the photon-magnon
coupling96. In other words, an YIG sphere may simul-
taneously serve as a resonator for magnons, microwaves
and sound (phonons). Some magnetostrictive materials
are also transparent for infrared and visible light78,97,
which opens up opportunities to control hybridised mi-
crowave photon-magnon-phonon excitations with light79.
Whereas the magnetostrictive interaction is associated
with strain and stress, single-crystal YIG and spinels
are very rigid (the Young’s modulus of E ≈ 200 GPa;
for comparison one of the hardest materials – diamond
has E = 1220 GPa)97. Similar to metal nanoantennas
that have a slightly smaller E98, considerable deforma-
tion of an YIG dielectric antenna due to acoustic pressure
or other mechanical force is challenging. Consequently,
novel approaches are required to achieve larger deforma-
tions and these will be described in Sec. VC.
V. NOVEL HYBRID SYSTEMS AND APPLICATIONS
This section suggests several novel research direc-
tions and hybrid resonant systems that employ magneto-
insulating materials and may exploit the strong photon-
magnon interaction to achieve new functionality.
A. Electrical solitons
Solitons are a special class of pulse-shaped waves that
propagate in nonlinear dispersive media without chang-
ing their shape99,100. Nature offers a variety of soliton
examples, including solitary water waves, solitons in op-
tical fibres and spin-wave solitons99,100.
Electrical solitons propagate in nonlinear transmission
lines (NLTLs) that may be constructed by periodically
loading a linear transmission line with varactors99. Elec-
trical solitons in two-port NLTLs have been known for
several decades99. However, electrical solitons in one-
port ring NLTLs [Fig. 4(a)], which self-generate a peri-
odic stable train of electrical soliton pulses, have been
demonstrated only recently100,101. A ring NLTL sup-
ports cnoidal soliton modes [Fig. 4(a)]. When this NLTL
is broken and an amplifier is inserted [Fig. 4(b)], the ini-
tial start-up from noise can compensate for losses in the
system100, which is commonly done in LC or standing
wave oscillators. This leads to the self-generation of self-
sustainable soliton modes.
I propose to load a ring NLTL supporting GHz-
range repetition rate electrical solitons with an YIG film
[Fig. 4(b)]. In such a hybrid NLTL-YIG multiresonant
system, the strong coupling would be manifested as a
FIG. 4. (a) Ring nonlinear transmission line (NLTL) and
electrical soliton modes propagating in it. (b) Soliton oscil-
lator loaded with an YIG plate. A strong coupling regime
would be achieved due to the interaction between the elec-
trical solitons in the NLTL and magnons in the YIG plate.
Reproduced with permission from Ref. 101.
strong anti-crossing between the soliton modes and the
magnon modes in the YIG structure.
The ring NLTL supporting electrical solitons
[Fig. 4(b)] visually resembles a split-ring resonator
[Fig. 2(b)]. Indeed, a split-ring resonator can be con-
verted into a ring NLTL by adding a nonlinear element
(see Fig. 1 in Ref. 11) and, in principle, it may support
solitons11. However, the use of an amplifier is a signifi-
cant step forward from earlier attempts to demonstrate
stable solitons in split-ring resonator metamaterials,
because in metamaterials solitons did not exist in a
pure form but instead soliton-like pulses or dissipative
solitons were observed due to nonlinearity11.
B. High-power microwave frequency generation
Apart from important applications in quantum infor-
mation systems5, strong microwave photon-magnon in-
teractions have also been central in the development of
low-loss frequency-tuneable metamaterials48. In some
magnetic metamaterials, the frequency tuning originates
from the anti-crossing between the photon and magnon
modes [see, e.g., Fig. 2(a, right)] and its dependence on
the external static magnetic field31,48. This control mech-
anism is especially attractive because it is contactless and
allows preserving the structural integrity of the device
while its characteristics are being tuned. This section
demonstrates that this control mechanism may also be
useful for the emergent research direction of frequency-
tuneable high-power microwave sources.
Frequency-tuneable high-power (108 − 109 W) mi-
crowave sources are an area of active development105–109.
One class of such devices is comprised of NLTLs made of
magnetically nonlinear materials such as, for example,
ferrites. The NLTL is used to convert a portion of a
generally Gaussian or square pulse-like input signal into
7FIG. 5. (a) Schematic cross-section of a resonant cavity mag-
netron. (b) Single resonant cavity in the anode block of the
magnetron and its equivalent resonant LC circuit. Ferrite
material (schematically shown as a sphere but other geome-
tries are also possible102) can be integrated with the cav-
ity). The image of the anode block is adapted from Ref. 103.
(c) Frequency-tuning scheme of a magnetron with one active
power output (1) and one reactive power output (2). A neg-
ative polarity voltage from the power supply (4) is applied
to the cathode and the power generated by the magnetron is
supplied via the active output (1) to an external impedance-
matched loading (2). The power from the reactive output (3)
is coupled to the switch (5) and two short-circuited waveg-
uides with the length L1,2 ≤ λWG being λWG the microwave
wavelength in the waveguide. The switch diodes are driven
by the circuit (7) that is synchronised with the power supply
(4). A conceptually similar frequency-tuning scheme may be
realised by loading one of the magnetron cavities with a fer-
rite [as schematically shown in panel (b)], which introduces
an extra complex impedance controllable with the an exter-
nal static magnetic field. Reproduced with permission from
Ref. 104.
microwave-frequency energy. When the ferrite is satu-
rated by an external bias field, the propagation of the
voltage pulse front gives rise to a shock wave that ini-
tiates the magnetic precession in the ferrite and excites
the FMR mode. This in turn leads to the modulation of
the voltage pulse envelope in the GHz-frequency range.
The NLTL-based high-power microwave devices have
several advantages over the conventional vacuum
devices110–112. For example, the NLTLs require no vac-
uum systems and avoid X-ray production due to high-
energy electrons. The NLTLs are also more mechanically
rugged that typical vacuum devices.
However, even though electronic biasing of the NLTL’s
magnetic material may enable some frequency agility
that is not readily obtained in many high-power vac-
uum oscillators110, in general the ultra-high output en-
ergy complicates spectral tuning107,113. Another chal-
lenge is that the overall efficiency of such sources is also
relatively low (∼ 10%). In fact, the NLTL output en-
ergy consists of a quasi-DC component and a microwave
signal. The DC component represents the remainder of
the input signal that was not converted into microwave
radiation or lost due to attenuation in the line107.
The strong photon-magnon coupling and mode anti-
crossing effects may be used to control the nonlinear-
magnetic interactions in ferrite-based NLTLs, thereby
opening up novel opportunities for frequency tuning and
efficiency improving. It is noteworthy that magnon-
polariton bistability effects have previously been demon-
strated in a nonlinear magnonic system consisting of cav-
ity photons strongly interacting with magnon modes of
a spherical YIG antenna42. The bistable behaviour re-
sulted in a sharp frequency tuning of the magnon polari-
tons. The same effect would lead to frequency tuning
in ferrite-based NLTL high-power microwave generators.
Another promising control method would be the use of
electric and magnetic fields58,59 leading to the excitation
of spin-electromagnetic waves and frequency tuning.
The strong coupling may also be used to improve cav-
ity magnetron microwave generators. The cavity mag-
netron is a high-powered vacuum tube that generates
microwaves by exploiting the interaction of a stream of
electrons with a magnetic field in a series of intercon-
nected resonant metal cavities [Fig. 5(a)]114,115.
Magnetrons are the lowest-cost microwave sources in
terms of dollars per kW of the generated power, and
they have the highest efficiency (typically > 85%). How-
ever, the frequency and phase stability of magnetrons
are not adequate when they are employed as power
sources for radar and accelerator applications. The abil-
ity to tune the frequency of the generated microwave
power is also valuable for radar and electronic war-
fare applications104,116. Furthermore, in the case of mi-
crowave oven magnetrons, high noise levels at frequen-
cies near the operating frequency 2.45 GHz presents
significant potential for interference with modern wire-
less telecommunication technologies, which motivates re-
search efforts aimed at developing new frequency-control
techniques117.
Consequently, novel variable-frequency cavity tech-
niques have been developed to address the problems
of phase and frequency locking of magnetrons102,118,119.
Very often, these techniques use ferrite materials, such
as YIG, located inside the resonant cavity of the mag-
netron [Fig. 5(b)]. A variable external magnetic field
that is orthogonal to the microwave magnetic field of the
magnetron varies the permeability of the ferrite, which
allows controlling the phase and frequency.
The strong interaction of microwaves photons and
magnons may extend the functionality of this phase and
frequency locking scheme. The operating principle of the
magnetron requires both static and dynamic magnetic
fields, which therefore may be used to excite magnon
modes in the ferrite material. The cavities of the mag-
netron exhibit a resonance analogous to an LC circuit
and therefore their loading with the ferrite material is
8conceptually no different from the hybrid resonant sys-
tems such the re-entrant resonator [Fig. 2(c)]. However,
the high microwave power generated by the magnetron
will additionally result in nonlinear magnetic effects.
The mode anti-crossing effects may also be used to
complement some of the existing frequency-tuning tech-
niques. For example, to tune the output frequency, the
anode block of the magnetron is modified by adding
an additional microwave energy output Fig. 5(c). In
this scheme, the tuning originates from an electrically-
controlled reactive loading of the second output, which is
constructively built as an external electric circuit104,116.
As schematically proposed in Fig. 5(b), by loading one of
the anode block resonators with a ferrite material one ef-
fectively introduces an extra complex impedance into the
resonator [see Fig. 8(b) in Ref. 31 for details]. This ex-
tra impedance originates from the magnon modes and its
value can be tuned in a wide frequency range by tailoring
the photon-magnon coupling with the external magnetic
field. This allows reducing constructive changes in the
anode block of the magnetron and decreases dependence
on external electrical circuits, which would be especially
beneficial for high-power magnetron applications.
To conclude this subsection, it is worth commenting
on the suitability of magnetic materials for the proposed
application in high-power devices. In general, the power-
handling capacity of common ferrites is∼ 1−2 kW of CW
power120. However, as shown in the papers cited in this
subsection, in a nanosecond pulse regime, YIG-based and
especially NiZn-based NLTLs can handle much higher
powers. The devices utilising NLTLs usually generate
damped oscillations with ∼ 5 − 10 oscillation periods.
Here, the losses are either due to the natural damping of
the magnetisation precession78 or due to the energy dis-
sipation in the waveguide-ferrite system. Thus, the main
power handling limitation originates from the breakdown
electric field amplitude at the insulator-ferrite interface,
but thermal effects become significant mostly at high rep-
etition rates.
C. Strong coupling in magnetofluidic systems
As shown in Sec. IVC, hybridised microwave photon-
magnon-phonon states may be excited in an YIG an-
tenna that supports both electromagnetic and magnon
resonances and also can be deformed by an external me-
chanical force such as sound or vibration. However, in
practice, it is challenging to achieve considerable defor-
mations of a solid medium98.
In the adjacent area of opto-mechanics, to solve the
same problem it was proposed to employ liquid droplets
and gas bubbles in liquids121–123. In general, liquid
droplets and bubbles oscillate as a function of the exter-
nal driving force124. These effects result in large (and im-
possible with solid-state materials) changes in the prop-
agation properties of light incident on the medium con-
taining droplets or bubbles121–123.
This approach may be adopted at microwave frequen-
cies by using magnetic fluids. A magnetic fluid is a
colloidal suspension of ultrafine ferro- or ferrimagnetic
nanoparticles suspended in a carrier liquid125,126. Such
a fluid is an electric insulator and it becomes strongly
magnetised in the presence of a magnetic field. Thus,
a solid YIG sphere can be substituted with a mag-
netic fluid droplet. Whereas the droplet will support
the ferromagnetic resonance mode at typical GHz-range
frequencies127, thereby creating conditions for a strong
coupling between magnons and GHz-range microwave
photons, dramatic oscillations of its shape [Fig. 6(a)]
due to sound pressure [Fig. 6(b)] or electrical force
[Fig. 6(c)] applied to the droplet128 would result in a
triple-resonance photon-magnon-phonon interaction sim-
ilar to that previously demonstrated in a solid-state YIG
system96.
It is noteworthy that intriguing magneto-optical effects
have been observed in magnetic fluids130. This opens
up opportunities for magneto-optical coupling between
light and hybridised photon-magnon-phonon states. Mi-
crowave magnetic field applied to a magnetic fluid also
leads an increase in the temperature of the droplet (or
liquid surrounding the bubble), which in turn affects the
oscillation frequency of the droplet (bubble) by modify-
ing the liquid viscosity131. Thus, the use of magnetic
fluids fits very well into the conceptual picture of Fig. 1.
A rigorous analysis of multiresonant magnetofluidic
systems requires complex numerical methods126. How-
ever, in a first approximation, the sound-driven oscilla-
tions of air bubbles in a magnetic fluid can be analysed
by considering a simple Rayleigh-Plesset equation122.
A similar strategy may be adopted to analyse liquid
droplets123,125. By using this approach, one can esti-
mate that a 0.5-µm-diameter magnetofluid droplet tuned
on its fundamental mode should oscillate at the same
acoustic frequency as a 250-µm-diameter YIG sphere96.
Higher oscillation frequencies can be achieved with the
same droplet tuned on one of its higher-order modes.
The resonance frequency f0 of a gas bubble of radius
R0 in a magnetofluid is approximately given by the for-
mula f0R0 = 3 m/s
122. Thus, a 0.5-µm-diameter bub-
ble should also oscillate at around the same acoustic fre-
quency as a 250-µm-diameter YIG sphere96. In these es-
timations, the material parameters of the magnetic fluid
were taken from Refs. 128 and 132.
VI. CONCLUSIONS
In recent years, many of the new phenomena in the
field of strong microwave photon-magnon coupling have
been driven by systems based on metal microwave res-
onators loaded with a magnetic material. In this per-
spective, I have demonstrated that dielectric antennas
made of or containing magneto-insulating materials can
operate as strongly-coupled system. As compared with
metal-based structures, such systems are characterised
9FIG. 6. (a) Oscillation shapes of a magnetofluid droplet as
a function of the forcing frequency fe. The number n de-
notes the number of oscillating lobes (from left to right and
top to bottom). Reproduced with permission from Ref. 125.
Schematic illustration of experimental setups for the excita-
tion of shape oscillations of (b) bubbles in a magnetic fluid
with ultrasound and (c) magnetofluid droplets with ac volt-
age. In (b), an immersible ultrasonic transducer is placed into
a water tank and a cuvette with bubbles (or droplets) is placed
in the area of the focal spot of the transducer. The scheme in
(c) implements the scenario of electrowetting, i.e. the electri-
cal control of wettability used to handle liquid droplets129.
by low dissipation losses and also enable a strong local mi-
crowave magnetic field enhancement, thereby addition-
ally increasing the photon-magnon coupling strength. I
have shown that dielectric antennas also open up exciting
and practically important opportunities to control the
photo-magnon coupling with light, vibrations and sound,
heat, and electric currents and fields. I have also de-
scribed several perspective research directions where the
strong photon-magnon coupling extends the capability of
existing devices or provide an entirely new functionality.
Finally, it is worth noting that the actual application
range of dielectric antennas extends well beyond the dis-
cussion presented in this perspective. For example, di-
electric antennas have been proposed to be used133,134
in high-sensitivity haloscopes that aim to detect axions
– hypothetical elementary particles and attractive dark
matter candidates – via their coupling to photons135.
ACKNOWLEDGMENTS
This work was supported by the Australian Research
Council (ARC) through its Centre of Excellence for
Nanoscale BioPhotonics (CE140100003). The author
would like to thank Andy Greentree (RMIT Univer-
sity), Mikhail Kostylev (University of Western Aus-
tralia), Sergei Turitsyn (Aston University), Gennadiy
Churyumov (NURE University), Igor Magda (Kharkov
Institute of Physics and Technology) for valuable discus-
sions.
1R. P. Feynman, Int. J. Theor. Phys. 21, 467 (1982).
2P. W. Shor, SIAM J. Comput. 26, 1484 (1997).
3Z.-L. Xiang, S. Ashhab, J. Q. You, and F. Nori, Rev. Mod.
Phys. 85, 624 (2013).
4E. D. Lopaeva, I. R. Berchera, I. P. Degiovanni, S. Olivares,
G. Brida, and M. Genovese, Phys. Rev. Lett 110, 153603
(2013).
5M. Goryachev, W. G. Farr, D. L. Creedon, Y. Fan, M. Kostylev,
and M. E. Tobar, Phys. Rev. Appl. 2, 054002 (2014).
6M. V. Gustafsson, T. Aref, A. F. Kockum, M. K. Ekstro¨m,
G. Johansson, and P. Delsing, Science 346, 207 (2014).
7S. Barzanjeh, S. Guha, C. Weedbrook, D. Vitali, J. H. Shapiro,
and S. Pirandola, Phys. Rev. Lett 114, 080503 (2015).
8Z.-L. Xiang, M. Zhang, L. Jiang, and P. Rabl, Phys. Rev. X 7,
011035 (2017).
9P. Campagne-Ibarcq, E. Zalys-Geller, A. Narla, S. Shankar,
P. Reinhold, L. Burkhart, C. Axline, W. Pfaff, L. Frunzio, R. J.
Schoelkopf, and M. H. Devoret, Phys. Rev. Lett. 120, 200501
(2018).
10D. W. Drumm and A. D. Greentree, Sci. Rep. 7, 14652 (2017).
11M. Lapine, I. V. Shadrivov, and Y. S. Kivshar, Rev. Mod. Phys.
86, 1093 (2014).
12S. A. Gregory, G. B. G. Stenning, G. J. Bowden, N. I. Zheludev,
and P. A. J. de Groot, New J. Phys. 16, 063002 (2014).
13M. Lanzagorta, Quantum Radar (Morgan and Claypool, San
Rafael, CA, 2011).
14K. Lukin, “Quantum radar vs noise radar,” (2016), Proc. of
MSMW-2016, Kharkov, Ukraine, pp. 1-4.
15E. Jaynes and F. Cummings, Proc. of IEEE 51, 89 (1963).
16M. Tavis and F. W. Cummings, Phys. Rev. 170, 379 (1968).
17Y. Wang and J. Y. Haw, Phys. Lett. A 379, 779 (2015).
18A. Imamog˘lu, Phys. Rev. Lett. 102, 083602 (2009).
19D. Zhang, X.-Q. Luo, Y.-P. Wang, T.-F. Li, and J. Q. You,
Nat. Commun. 8, 1368 (2017).
20Y. Tabuchi, S. Ishino, T. Ishikawa, R. Yamazaki, K. Usami, and
Y. Nakamura, Phys. Rev. Lett. 113, 083603 (2014).
21X. Zhang, C.-L. Zou, L. Jiang, and H. X. Tang, Phys. Rev.
Lett. 113, 156401 (2014).
22D. Pozar, Microwave engineering (Wiley, New York, 1998).
23X. Zhang, N. Zhu, C.-L. Zou, and H. X. Tang, Phys. Rev. Lett.
117, 123605 (2016).
24R. Hisatomi, A. Osada, Y. Tabuchi, T. Ishikawa, A. Noguchi,
R. Yamazaki, K. Usami, and Y. Nakamura, Phys. Rev. B 93,
174427 (2016).
25A. E. Krasnok, I. S. Maksymov, A. I. Denisyuk, P. A. Belov,
A. E. Miroshnichenko, C. R. Simovski, and Y. S. Kivshar,
Physics-Uspekhi 56, 539 (2013).
26S. Keyrouz and D. Caratelli, Int. J. Antennas and Propagation
2016, 6075680 (2016).
27M. Goryachev, M. Kostylev, and M. E. Tobar, “Strong cou-
10
pling of 3D cavity photons to travelling magnons at low tem-
peratures,” (2017), arXiv:1710.06601v1.
28V. Cherepanov, I. Kolokolov, and V. L’vov, Phys. Rep. 229,
81 (1993).
29A. A. Serga, A. V. Chumak, and B. Hillebrands, J. Phys. D:
Appl. Phys. 43, 264002 (2010).
30I. S. Maksymov and M. Kostylev, Physica E: Low Dimens. Syst.
Nanostruct. 69, 253 (2015).
31B. Bhoi, T. Cliff, I. S. Maksymov, M. Kostylev, R. Aiyar,
N. Venkataramani, S. Prasad, and R. L. Stamps, J. Appl. Phys.
116, 243906 (2014).
32D. Zhang, X.-M. Wang, T.-F. Li, X.-Q. Luo, W. Wu, F. Nori,
and J. Q. You, npj Quantum Information 1, 15014 (2015).
33J. A. Haigh, N. J. Lambert, A. C. Doherty, and A. J. Ferguson,
Phys. Rev. B 91, 104410 (2015).
34N. Kostylev, M. Goryachev, and M. E. Tobar, Appl. Phys. Lett.
108, 062402 (2016).
35N. J. Lambert, J. A. Haigh, S. Langenfeld, A. C. Doherty, and
A. J. Ferguson, Phys. Rev. A 93, 021803(R) (2016).
36D. Zhang, X.-Q. Luo, Y.-P. Wang, T.-F. Li, and J. Q. You,
Nat. Commun. 8, 1368 (2017).
37B. Bhoi, B. Kim, J. Kim, Y.-J. Cho, and S.-K. Kim, Sci. Rep.
7, 11930 (2017).
38R. G. E. Morris, A. F. van Loo, S. Kosen, and A. D.
Karenowska, Sci. Rep. 7, 11511 (2017).
39V. Castel, R. Jeunehomme, J. B. Youssef, N. Vukadinovic,
A. Manchec, F. K. Dejene, and G. E. W. Bauer, Phys. Rev. B
96, 064407 (2017).
40J. W. Rao, S. Kaur, X. L. Fan, D. S. Xue, B. M. Yao, Y. S. Gui,
and C.-M. Hu, Appl. Phys. Lett. 110, 262404 (2017).
41B. Z. Rameshti and G. E. W. Bauer, Phys. Rev. B 97, 014419
(2018).
42Y.-P. Wang, G.-Q. Zhang, D. Zhang, T.-F. Li, C.-M. Hu, and
J. Q. You, Phys. Rev. Lett. 120, 057202 (2018).
43L. V. Abdurakhimov, S. Khan, N. A. Panjwani, J. D. Breeze,
S. Seki, Y. Tokura, J. J. L. Morton, and H. Kurebayashi,
“Strong coupling between magnons in a chiral magnetic in-
sulator Cu2OSe3 and microwave cavity photons,” (2018),
arXiv:1802.07113v1.
44O. O. Soykal and M. E. Flatte´, Phys. Rev. Lett. 104, 077202
(2010).
45J. Bourhill, N. Kostylev, M. Goryachev, D. L. Creedon, and
M. E. Tobar, Phys. Rev. B 93, 144420 (2016).
46H. Huebl, C. W. Zollitsch, J. Lotze, F. Hocke, M. Greifenstein,
A. Marx, R. Gross, and S. T. B. Goennenwein, Phys. Rev. Lett.
111, 127003 (2013).
47B. M. Yao, Y. S. Gui, Y. Xiao, H. Guo, X. S. Chen, W. Lu,
C. L. Chien, and C.-M. Hu, Phys. Rev. B 92, 184407 (2015).
48G. B. G. Stenning, G. J. Bowden, L. C. Maple, S. A. Gregory,
A. Sposito, R. W. Eason, N. I. Zheludev, and P. A. J. de Groot,
Opt. Express 21, 1456 (2013).
49Y. Cao, P. Yan, H. Huebl, S. T. B. Goennenwein, and G. E. W.
Bauer, Phys. Rev. B 91, 094423 (2015).
50X. Zhang, C. Zou, L. Jiang, and H. X. Tang, J. Appl. Phys.
119, 023905 (2016).
51V. V. Dodonov and A. V. Dodonov, Phys. Rev. B 96, 054419
(2017).
52A. Okaya and L. F. Barash, Proc. IRE 50, 2081 (1962).
53J. L. Harthoorn and J. Smidt, Appl. Sci. Res. 20, 148 (1969).
54A. A. Serga, A. V. Chumak, A. Andre´, G. A. Melkov, A. N.
Slavin, S. O. Demokritov, and B. Hillebrands, Phys. Rev. Lett.
99, 227202 (2007).
55I. V. Bychkov, D. A. Kuzmin, and V. G. Shavrov, J. Magn.
Magn. Mater. 329, 142 (2013).
56K. Bi, Y. Guo, X. Liu, Q. Zhao, J. Xiao, M. Lei, and J. Zhou,
Sci. Rep. 4, 7001 (2014).
57J. Sun, X. Liu, J. Zhou, Z. Kudyshev, and N. M. Litchinitser,
Sci. Rep. 5, 16154 (2015).
58A. A. Nikitin, A. B. Ustinov, A. A. Semenov, B. A. Kalinikos,
and E. La¨hderanta, Appl. Phys. Lett. 104, 093513 (2014).
59A. A. Nikitin, A. A. Nikitin, A. V. Kondrashov, A. B. Ustinov,
B. A. Kalinikos, and E. La¨hderanta, J. Appl. Phys. 122, 153903
(2017).
60I. S. Maksymov, J. Hutomo, D. Nam, and M. Kostylev, J. Appl.
Phys. 117, 193909 (2015).
61B. Z. Rameshti, Y. Cao, and G. E. W. Bauer, Phys. Rev. B 91,
214430 (2015).
62M. Bailleul, Appl. Phys. Lett. 103, 192405 (2013).
63I. S. Maksymov and M. Kostylev, J. Appl. Phys. 113, 043927
(2013).
64I. S. Maksymov, Z. Zhang, C. Chang, and M. Kostylev, IEEE
Magnet. Lett. 5, 3500104 (2014).
65D. S. Filonov, A. E. Krasnok, A. P. Slobozhanyuk, P. V. Kapi-
tanova, E. A. Nenasheva, Y. S. Kivshar, and P. A. Belov, Appl.
Phys. Lett. 100, 201113 (2012).
66A. I. Kuznetsov, A. E. Miroshnichenko, Y. H. Fu, J. Zhang, and
B. Luk’yanchuk, Sci. Rep. 2, 492 (2012).
67A. E. Krasnok, D. S. Filonov, C. R. Simovski, Y. S. Kivshar,
and P. A. Belov, Appl. Phys. Lett. 104, 133502 (2014).
68V. G. Harris, A. Geiler, Y. Chen, S. D. Yoon, M. Wu, A. Yang,
Z. Chen, P. He, P. V. Parimi, X. Zuo, C. E. Patton, M. Abe,
O. Acher, and C. Vittoria, J. Magn. Magn. Mater. 31, 2035
(2009).
69G. Boudarham, R. Abdeddaim, and N. Bonod, Appl. Phys.
Lett. 104, 021117 (2014).
70D. Nam, “Numerical analysis of all-dielectric slot waveguides
for microwave magnetic field enhancement,” (2015), BSc thesis,
School of Physics, University of Western Australia.
71T. M. Babinec, B. J. M. Hausmann, M. Khan, Y. Zhang, J. R.
Maze, P. R. Hemmer, and M. Loncˇar, Nat. Nanotechol. 5, 195
(2010).
72I. S. Maksymov, M. Besbes, J. P. Hugonin, J. Yang, A. Bever-
atos, I. Sagnes, I. Robert-Philip, and P. Lalanne, Phys. Rev.
Lett. 105, 180502 (2010).
73P. Kapitanova, V. Ternovski, A. Miroshnichenko, N. Pavlov,
P. Belov, Y. Kivshar, and M. Tribelsky, Sci. Reps. 7, 731 (2017).
74V. R. Almeida, Q. Xu, C. A. Barrios, and M. Lipson, Opt. Lett.
29, 1209 (2004).
75M. V. Rybin, K. L. Koshelev, Z. F. Sadrieva, K. B. Samusev,
A. A. Bogdanov, M. F. Limonov, and Y. S. Kivshar, Phys. Rev.
Lett. 119, 243901 (2017).
76J. Sklenar, W. Zhang, M. B. Jungfleisch, W. Jiang, H. Saglam,
J. E. Pearson, J. B. Ketterson, and A. Hoffmann, J. Appl. Phys.
120, 180901 (2016).
77Y. Otani, M. Shiraishi, A. Oiwa, E. Saitoh, and S. Murakami,
Nat. Phys. 13, 829 (2017).
78D. D. Stancil and A. Prabhakar, Spin Waves: Theory and Ap-
plications (Springer, Berlin, 2009).
79I. S. Maksymov, Nanomaterials 5, 577 (2015).
80D. Fritsch, J. Phys.: Condens. Matter 30, 095502 (2018).
81M. H. Devoret and R. J. Schoelkopf, Science 339, 1169 (2013).
82Y. Tabuchi, S. Ishino, A. Noguchi, T. Ishikawa, R. Yamazaki,
K. Usami, and Y. Nakamura, Science 349, 405 (2015).
83S. Sharma, Y. M. Blanter, and G. E. W. Bauer, Phys. Rev. B
96, 094412 (2017).
84A. Osada, R. Hisatomi, A. Noguchi, Y. Tabuchi, R. Yamazaki,
K. Usami, M. Sadgrove, R. Yalla, M. Nomura, and Y. Naka-
mura, Phys. Rev. Lett. 116, 223601 (2016).
85T. Liu, X. Zhang, H. X. Tang, and M. E. Flatte´, Phys. Rev. B
94, 060405(R) (2016).
86S. V. Kusminskiy, H. X. Tang, and F. Marquardt, Phys. Rev.
A 94, 033821 (2016).
87M. Kostylev and A. A. Stashkevich, “Microwave to optical pho-
ton conversion by means of travelling-wave magnons in yig
films,” (2018), arXiv:1712.04304v2.
88A. I. Chernov, M. A. Kozhaev, I. V. Savochkin, D. V. Dodonov,
P. M. Vetoshko, A. K. Zvezdin, and V. I. Belotelov, Opt. Lett.
42, 279 (2017).
89I. V. Savochkin, M. Ja¨ckl, V. I. Belotelov, I. A. Akimov, M. A.
Kozhaev, D. A. Sylgacheva, A. I. Chernov, A. N. Shaposh-
11
nikov, A. R. Prokopov, V. N. Berzhansky, D. R. Yakovlev, A. K.
Zvezdin, and M. Bayer, Sci. Reps. 7, 5668 (2017).
90L. Bai, M. Harder, Y. P. Chen, X. Fan, J. Q. Xiao, and C.-M.
Hu, Phys. Rev. Lett. 114, 227201 (2015).
91H. Maier-Flaig, M. Harder, R. Gross, H. Huebl, and S. T. B.
Goennenwein, Phys. Rev. B 94, 054433 (2016).
92L. Bai, K. Blanchette, M. Harder, Y. P. Chen, X. Fan, J. Q.
Xiao, and C.-M. Hu, IEEE Trans. Magnet. 52, 1000107 (2016).
93X. Zhou, D. Kumar, I. S. Maksymov, M. Kostylev, and A. O.
Adeyeye, Phys. Rev. B 92, 054401 (2015).
94I. S. Maksymov, Rev. Phys. 1, 36 (2016).
95M. Kataja, F. Freire-Ferna´ndez, J. P. Witteveen, T. K. Hakala,
P. Trma¨, and S. van Dijken, Appl. Phys. Lett. 112, 072406
(2018).
96X. Zhang, C.-L. Zou, L. Jiang, and H. X. Tang, Sci. Adv. 2,
e1501286 (2016).
97Y. P. Sukhorukov, A. V. Telegin, N. G. Bebenin, A. P. Nosov,
V. D. Bessonov, A. A. Buchkevich, and E. I. Patrakov, J. Exp.
Theor. Phys. 126, 106 (2018).
98I. S. Maksymov and A. D. Greentree, Sci. Reps. 6, 32892 (2016).
99M. Remoissenet, Waves Called Solitons: Concepts and Experi-
ments (Springer, Berlin, 2003).
100D. S. Ricketts and D. Ham, Electrical Solitons Theory, Design,
and Applications (CRC, Boca Raton, Florida, 2011).
101D. S. Ricketts, X. Li, N. Sun, K. Woo, and D. Ham, IEEE J.
Solid-State Circuits 42, 1657 (2007).
102M. Neubauer, M. Popovic, and R. P. Johnson, “Phase and
frequency locked magnetron,” (2014), United States Patent
8,624,496 B2.
103C. Wolff, “Magnetron. Radar Basics,” (2018),
www.radartutorial.eu.
104G. Churyumov, V. Gerasimov, T. Frolova, A. Gritsunov, and
A. Ekezli, “The advanced designs of magnetrons with improve-
ment output characteristics,” (2016), Proc. of IVEC 2016, Mon-
terey, CA, pp. 1-2.
105I. V. Romanchenko, V. V. Rostov, V. P. Gubanov, A. S.
Stepchenko, A. V. Gunin, and I. K. Kurkan, Rev. Sci. Instrum.
83, 074705 (2012).
106V. V. Rostov, N. M. Bykov, D. N. Bykov, A. I. Klimov, O. B.
Kovalchuk, and I. V. Romanchenko, IEEE Trans. Plasma Sci.
38, 2681 (2010).
107B. W. Hoff and D. M. French, IEEE Trans. Plasma Sci. 44, 1265
(2016).
108J.-W. Ahn, S. Y. Karelin, V. B. Krasovitsky, H.-O. Kwon, I. I.
Magda, V. S. Mukhin, O. G. Melezhik, and V. G. Sinitsin, J.
Magn. (Korea) 21, 450 (2016).
109M. R. Ulmaskulov, G. A. Mesyats, A. G. Sadykova, K. A. Shary-
pov, V. G. Shpak, S. A. Shunailov, and M. I. Yalandin, Rev.
Sci. Instrum. 88, 045106 (2017).
110P. D. Coleman, J. J. Borchardt, J. A. Alexander, J. T. Williams,
and T. Peters, “Characterization of a synchronous wave non lin-
ear transmission line,” (2011), proc. of 18’th IEEE Int. Pulsed
Power Conf.
111J.-W. Ahn, S. Y. Karelin, H.-O. Kwon, I. I. Magda, and V. G.
Sinitsin, J. Magnetics (Korea) 20, 460 (2015).
112A. I. Gusev, M. S. Pedos, S. N. Rukin, and S. P. Timoshenkov,
Rev. Sci. Instrum. 88, 074703 (2017).
113I. S. Maksymov, I. I. Magda, M. A. Ustyantsev, and G. I.
Churyumov, IEEE Trans. Plasma Sci. 38, 1086 (2010).
114G. B. Collins,Microwave Magnetrons (McGraw-Hill, New York,
1948).
115J. Benford, J. A. Swegle, and E. Schamiloglu, High Power Mi-
crowaves (CRC, Boca Raton, Florida, 2016).
116G. Churyumov, “The theoretical and experimental investigation
of anode block electrodynamics characteristics of the magnetron
with two rf output,” (2016), Proc. of UkrMiCo 2016, Kiev,
Ukraine, pp. 1-2.
117V. B. Neculaes, R. M. Gilgenbach, and Y. Y. Lau, Appl. Phys.
Lett. 83, 1938 (2003).
118M. Neubauer, R. Sah, A. Dudas, R. Johnson, M. Popovic, and
A. Moretti, “Phase and frequency locked magnetrons for SRF
sources,” (2010), Proc. of IPAC’10, Kyoto, Japan, paper TH-
PEB058.
119S. K. Vyas, S. Maurya, and V. P. Singh, IEEE Trans. Plasma
Sci. 44, 3262 (2016).
120P. A. Rizzi, IRE Trans. Microwave Theory Technique 5, 230
(1957).
121S. Maayani, L. L. Martin, S. Kaminski, and T. Carmon, Optica
3, 552 (2016).
122I. S. Maksymov and A. D. Greentree, Phys. Rev. A 95, 033811
(2016).
123I. S. Maksymov and A. D. Greentree, Phys. Rev. A 96, 043829
(2017).
124N. Ashgriz, Handbook of Atomization and Sprays: Theory and
Applications (Springer, New York, 2011).
125T. Jamin, Y. Djama, J.-C. Bacri, and E. Falcon, Phys. Rev.
Fluids 1, 021901(R) (2016).
126J. Erdmanis, G. Kitenbergs, R. Perzynski, and A. Ce¯bers, J.
Fluid Mech. 821, 266 (2017).
127P. C. Fannin, J. Mol. Liq. 114, 79 (2004).
128D. Kvasov, V. Naletova, E. Beketova, and Y. Dikanskii, J.
Magn. Magn. Mater. 431, 161 (2017).
129J. M. Oh, S. H. Ko, and K. H. Kang, Langmuir 24, 8379 (2008).
130S. I. Shulyma, B. M. Tanygin, V. F. Kovalenko, and M. V.
Petrychuk, J. Magn. Magn. Mater. 416, 141 (2017).
131R. E. Rosensweig, J. Magn. Magn. Mater. 252, 370 (2002).
132M. S. Korlie, A. Mukherjee, B. G. Nita, J. G. Stevens, A. D.
Trubatch, and P. Yecko, J. Phys.: Condens. Matter 20, 204143
(2008).
133A. N. Ioannisian, N. Kazarian, A. J. Millar, and G. G. Raffelt,
J. Cosmol. Astropart. Phys. 2017, 006 (2017).
134B. T. McAllister, G. Flower, L. E. Tobar, and M. E. Tobar,
Phys. Rev. Appl. 9, 014028 (2018).
135G. Carosi, A. Friedland, M. Giannotti, M. J. Pivovaroff,
J. Ruz, and J. K. Vogel, “Probing the axion-photon coupling:
phenomenological and experimental perspectives. A snowmass
white paper,” (2013), arXiv:1309.7035v1.
